Near-infrared (NIR) spectroscopy has proven to be a powerful technique for the quantitative analysis of chemical samples. Normally, NIR absorption bands are far weaker than IR absorption bands; for example, a molar absorption coefficient of water in the NIR region is about 1/1000 of that in the IR region. Therefore, an NIR analysis of samples often shows a lower sensitivity, which encounters difficulty in the determination of low-concentration analytes. Only a few reports were found to be related to the use of NIR to determine low-concentration analytes.
2.6, and 3.0 mg L -1 for benzene, toluene, ethylbenzene, and mxylene, respectively. Later, they 3 employed a salting-out effect to improve the limit of detection of this method. Measurements performed in water provided detection limits (3sblank/sensitivity) of 0.080, 0.12, 0.14 and 0.27 mg L -1 for benzene, toluene, ethylbenzene and m-xylene, respectively, under the optimum condition of a 5.0 mm-height disk and 2.0 mg L -1 sodium chloride. Their work 2, 3 showed a wonderful perspective of lowconcentration analytes determination by NIR spectroscopy coupled with an enrichment technique.
In the quantitative analysis of micro and trace quantities, even ultratrace samples, extraction and enrichment in sample preparation are often used. With extraction and enrichment, the concentrations of analytes may increase by tens to hundreds of times. Therefore, it is an expectable method to improve the power of the NIR spectroscopy technique in low-concentration analysis. Although Pimentel and his coworkers 2, 3 have shown some wonderful results in this field, they used a complicated device of the sensing phase of PDMS, and took a long time for enrichment (more than 1 h), which seemed to dilute the advantage of NIR as fast measurement.
Ethyl carbamate (EC), found in fermented foods and alcoholic beverages, is a by-product of fermentation and storage. 4, 5 Known as a genetic carcinogen, EC is metabolized into vinyl carbamate, followed by epoxidation, which leads to DNA adduction and mutation in several organs, including the lungs, liver, and mammary glands. 6 Consequently, Canada 7 set an upper limit of 0.4 mg L -1 ethyl carbamate in fruit spirits, which has been adopted by many other countries. Ethyl carbamate has usually been determined by gas chromatography, 8 coupled with some preconcentration technique, such as solid-phase microextraction (SPME). Although the SPME-chromatographic methods present high sensitivity, they are time-consuming and expensive (if MS is employed), with no advantage in fieldmonitoring.
In the present work, we explored the technique for applying NIR spectroscopy in the determination of low-concentration 853 ANALYTICAL SCIENCES JULY 2007, VOL. 23 2007 © The Japan Society for Analytical Chemistry analyte of ethyl carbamate (less than 1 mg L -1 ). An absorber of silica gel was used to enrich a trace amount of ethyl carbamate. Only 10 min was spent to reach an equilibrium state of the enrichment, and then the absorber with the enriched analyte was directly measured by NIR spectral analysis.
Experimental

Preparation of samples
An organic chemical compound, ethyl carbamate, purchased from the Shanghai Chemical Reagent Purchase & Supply Station, was used without further purification. A proper amount of ethyl carbamate was dissolved by a solvent of acetone to prepare a stock solution of 100 mg L -1 . The acetone was distilled to obtain a high-purity solvent before the preparation of solutions. Twenty samples of different concentrations of ethyl carbamate from 0.01 to 1.00 mg L -1 were obtained by mixing the appropriate volumes of the stock solution with acetone.
The absorber was solid silica gel for thin-layer chromatography (Qingdao Haiyang Chemical Co. Ltd.). To activate the silica gel, it was heated at 110˚C for 2 h before use. To prepare samples, a 20.00-mL solution was sucked from the 20 ethyl carbamate solutions and added into 20 small-volume beakers, after which 0.1045 g of solid silica gel was added into each beaker. The solution and solid were stirred by a magnetic stirring device for 10 min after adding the silica gel. Afterwards, the solid silica gel was filtrated and dried at room temperature. Twenty solid samples of silica gel with the enriched ethyl carbamate were prepared by following the above procedure, and then they were measured by NIR with a diffuse reflection accessory.
Instrumentation for NIR spectra measurement
NIR spectra in 800 -2500 nm of 20 solid samples were measured by a conventional double-beam UV-Vis-NIR spectrophotometer (Varian Cary500). The diffuse reflection accessory was used for the measurements. All of the spectra were collected with a spectral resolution of 1 nm, and the scan rate was 600 nm/min.
Data analysis
All spectral data were saved as comma separated value formatted files (.csv) after measurements, and were translated to MAT format data (.mat) in the environment of Matlab. The original spectra were pretreated with multiplicative scatter correction (MSC) before use. All calculations of MSC and partial least-squares (PLS) were carried out by in-house-written programs in Matlab (Ver. 6.1: The MathWorks, USA).
Results and Discussion
Spectra of the solid silica gel enriched by ethyl carbamate
Twenty solid samples of silica gel with enriched ethyl carbamate were measured by a diffuse reflection accessory to obtain their NIR spectra from 800 to 2500 nm (Fig. 1) . For solid samples, e.g., powders and granules, frequent sources of multiplicative perturbations are changed in the optical pathlength and sometimes in the sensitivity of the detector and the amplifier. 9 Light scattering produced from solid samples results in multiplicative deviations. From Fig. 1 , we can find that the twenty spectra are different from each other because of multiplicative deviations. A powerful method, multiplicative scatter correction (MSC), was developed to calibrate these effects. 10 In MSC, each spectrum is shifted and scaled to fit a given target spectrum. The goodness of the fit is expressed as the sum of the squared difference between the data points of the transformed spectrum and the corresponding data points of the target spectrum; hence, a linear regression is used to estimate the parameters for shifting and scaling. In practice, the mean spectrum of the calibration set is often chosen as the target spectrum. 10 In the present work, the mean spectrum of the NIR spectra of the twenty samples was used as the target spectrum in MSC. After the pretreatment of MSC, the spectra of samples were calibrated, as shown in Fig. 2 . By comparing the spectra before and after using MSC (Figs. 1 and 2) , it is clearly observed that the original spectra with quite obvious differences because of multiplicative deviations of powder samples were closer to each other. The reason is that MSC performs very well and significantly reduces the multiplicative perturbations.
The NIR spectrum of silica gel without any chemicals enriched, the base material of enrichment, was measured in order to compare with the silica gel enriched with ethyl carbamate. In Fig. 3, curve A is and curve C is the spectrum of ethyl carbamate of high concentration. The spectrum of silica gel is similar to the spectra of silica gel with ethyl carbamate over the whole spectral range, but there is a small difference between them in some spectral regions, e.g., spectral bands between 1900 and 2250 nm. Compared with spectrum A, there is a wider peak in spectrum B in the range above, while there is a much wider peak in spectrum C, which is certainly contributed by ethyl carbamate on the base material.
Correlation between the NIR spectra and the concentrations of ethyl carbamate enriched on silica gel
A simple method was used to study the correlation between the NIR spectra of the samples and the concentrations of ethyl carbamate. At each spectral point, the absorbance of 20 samples was collected as a column vector, denoted as y, and the concentrations of ethyl carbamate in 20 samples gave another column vector, denoted as x. The correlation coefficient, R, a correlation between y and x, was calculated by
, where xand y -are the mean of x and y, respectively, and the superscript T represents transposition. From the values of R, one can evaluate the correlation between the spectra and the concentrations at each wavelength. The correlation coefficients at all spectral points are shown in Fig. 4 . In the regions of 1920 to 1970 nm and 2250 to 2430 nm, the spectral absorbance and the concentration show good correlations. Most values of R are more than 0.6, and the max value is 0.84. In the regions of 1360 to 1390, 1540 to 1650, 1780 to 1885 and 2170 to 2235 nm, the spectral absorbance and the concentration show negative correlations (R is negative). Their values of R are from -0.5 to -0.7. The R values in Fig. 4 were calculated for each spectral point, which are not high. However, in spectral calibration, many more spectral points are often used to obtain a good correlation between the spectra and the concentrations. When more points are used, an increased correlation coefficient of the regression is obtained.
A partial least-squares (PLS) method was performed for regressions of the NIR spectra against the concentrations. PLS, a full-spectrum calibration method, has a built-in capacity to deal with the overdetermined problem of full-spectrum calibration. 11 However, increasing theoretical and experimental evidence indicate that proper selection of the wavelength can
significantly improve the performance of PLS models. [12] [13] [14] [15] Full spectra and two spectral regions (1920 -1970 and 2250 -2430 nm) showing relatively good correlations were selected to make PLS regressions with latent variables (LVs) from 1 to 10. The correlation coefficients of the PLS regressions are listed in Table 1 . In the case of full spectra, the spectra show high or satisfactory correlations with the concentrations when the LVs numbers are not too small, e.g., the correlation coefficient is more than 0.99 when the LVs number approaches 6. When the spectral regions of 1920 -1970 and 2250 -2430 nm are concerned, the correlation coefficients are small if the number of LVs is one, but with an increase of the LVs number, their values increase faster than that of the full spectra; for example, in the cases that the numbers of LVs are 4 and 5, the correlation coefficients are 0.9645 and 0.9819 for the 1920 -1970 nm region, and 0.9382 and 0.9790 for the 2250 -2430 nm region, while those values of the full spectra are 0.9140 and 0.9627, respectively. If either the full spectra or parts of the spectra selected are employed, PLS regressions give good correlations between the spectra and the concentrations when the number of LVs is not too small. The purpose of building PLS models is prediction. In this study, the leave-one-out cross validation was used in PLS regressions to evaluate the prediction ability of the PLS models. Three models of using full spectra, spectra in 1920 -1970 nm and 2250 -2430 nm were studied. One can find that each curve 855 ANALYTICAL SCIENCES JULY 2007, VOL. 23 
Conclusions
In order to explore a technique to measure a low-concentration analyte by NIR spectroscopy, an absorber, silica gel was employed to extract and enrich a low-concentration analyte of ethyl carbamate; then, analyte-absorbed silica gel was measured by NIRS, and the concentrations of the analyte were determined. The spectra of twenty solid samples of analyteabsorbed silica gel showed a good correlation with the concentrations of ethyl carbamate in the samples.
The prediction error of RMSECV, calculated by the leave-one-out cross validation, became as low as 0.1 mg L -1 (0.1 ppm). The developed technique has a potential application to lowconcentration analyte determination by NIR spectroscopy.
